The isolation and characterization of the API form of aminopeptidase (EC 3.4.11.) previously identified (Waters, Dalling 1979 Aust J Plant Physiol 6: 595-606) in the primary leaves of wheat (Triticum aesti'um L. cv Egret) seedlings is reported. The enzyme shows a high preference for a substrate which contains an aromatic side chain, whether this be either a synthetic j-naphthylamide or a peptide substrate. Maximum activity with both types of substrates occurred around pH 7.6. The stability of API was reduced by exposure to high pH and by incubation at temperatures above 20C in the absence ofsubstrate. API was inhibited by the metal chelators bathocuproine and bathophenanthroline and the sulfhydryl group inhibitorsp-chloromercuribenzoate and N-ethylmaleimide. The molecular weight, estimated by gel filtration, was 57,000. The K., value for activity against the synthetic substrate Phe-a-NA (0.20 millimolar) was slightly lower than that for Phe-Phe (0.50 millimolar) although the enzyme activity against peptide substrates was considerably greater than with Phe-,8-NA.
ylalanyl-fl-naphthylamide; Pro-,-NA, prolyl-f8-naphthylamide; Ala Almost all of the plant aminopeptidases purified have shown a high specificity for substrates containing a hydrophobic or neutral amino acid in the N-terminal position, although recently, aminopeptidases showing a high preference for basic residues (14) and acidic residues (3) in the N-terminal position have been purified and characterized. An aminopeptidase which is highly specific for the ,B-naphthylamides of arginine and lysine has also been identified in germinating barley (8) . Apart from the nature ofthe N-terminal residue, aminopeptidase activity has also been demonstrated to be affected by the amino acid in the second and sometimes third position (6, 8) . The proximity of the C-terminal carboxyl group was also found to interfere with the hydrolysis of the N-terminal peptide bond (6) .
A characteristic feature of plant aminopeptidases is the existence of multiple molecular forms, the number ofwhich has been found to be considerably variable among plant species. Some of the variation, however, may be attributed to the choice of substrate in the detection method. In many instances, following the electrophoretic separation of the different forms of aminopeptidase, activity has been detected using a single substrate such as Leu-3-NA. When additional substrates have been used, extra multiple molecular forms ofaminopeptidase have been identified (4, cf. 6) . The use of more sensitive techniques, such as crossedimmunoelectrophoresis, may also reveal the presence of aminopeptidase forms not detectable by conventional electrophoretic methods (e.g. 6, cf. 7) .
A previous publication reported that two aminopeptidases and an iminopeptidase had been identified in the primary leaves of wheat seedlings with PAGE, using a range of aminoacyl-#-naphthylamide substrates (15) . The purification and characterization of the iminopeptidase has recently been reported (17) . Here we report the isolation and characterization of one of the aminopeptidases, designated API, which was previously found to preferentially hydrolyze the ,3-naphthylamide ofphenylalanine (15) . Aminopeptidases showing high specificity for a phenylalanine residue have also been purified from barley seeds (8) and maize kernels (14) and identified in seeds of wheat (9) and Scots pine (13) .
MATERIALS AND METHODS Plant Materials. Wheat seedlings (Triticum aestivum L.) were grown in a controlled environment room as described previously (17) .
Analyses. Aminopeptidase activity was determined as described previously (17) . APl activity is expressed as milliunits/ mg protein where 1 unit is equivalent to the release of 1 ,umol naphthylamine/min.
Extraction and Separation of Aminopeptidases from the Iminopeptidase in Wheat Leaves. The aminopeptidases and the WHEAT LEAF AMINOPEPTIDASE iminopeptidase were extracted as described previously (17) . Following acid precipitation to pH 5.2, the aminopeptidases were separated from the iminopeptidase by gel filtration chromatography on Sephacryl S-200 (see Fig. 1 (Fig. lb) were combined, concentrated by ultrafiltration to about 10 ml, and loaded onto a Sepharose 6B (Pharmacia Fine Chemicals, Uppsala, Sweden) column (40 cm long x 4.5 cm diameter) equilibrated with 20 mM Tris-maleate buffer (pH 6.6) containing 5 mM ME. The eluent was collected in 5.8 ml fractions at the rate of 0.6 ml/min. Protein was estimated by A at 280 nm and aminopeptidase activity measured against Ala-,B-NA, Phe-B-NA, and Pro-a-NA.
Ion Exchange Chromatography Using DEAE-Cellulose. Following chromatography on Sepharose 6B, the fractions containing API were combined and loaded at 1 ml/min onto a short column (7.5 cm long x 2.5 cm diameter) of DEAE-cellulose (Whatman Ltd., Maidstone, England) equilibrated with 20 mM Tris-maleate buffer (pH 6.6) containing 5 mM ME. Following loading of the sample, the column was washed with 200 ml of the equilibrating buffer. API was eluted with a convex gradient ofTris-maleate buffer from 20 to 200 mm as described previously for the iminopeptidase (17 buffer. API activity was measured against each substrate over 60, 120, and 180 min as described previously for the determination of iminopeptidase activity against dipeptide substrates (17) . Standard curves were prepared using the N-terminal amino acid from each peptide substrate.
Enzyme Kinetics. (a) Synthetic substrates. A 50-Ml sample of APl was assayed at a range of Phe-fl-NA concentrations, from 0.01 to 0.40 mm, for 30 min at 35C. The Km value for API activity against Phe-fl-NA was calculated from a LineweaverBurk plot of the data.
(b) Dipeptide substrates. Two dipeptides, Phe-Ala and AlaPhe, were prepared to concentrations of 0.25, 0.50, 1.5, 3.0, 6.0, 9.0, and 12.0 mm by dissolving them in 25 mm sodium phosphate buffer (pH 7.4). Aliquots of AP1 (20 ,l) were assayed for 150 min at 35C, at each substrate concentration, as described for the iminopeptidase in wheat (17) . Standard curves were prepared using Phe and Ala.
Assay-pH Optima. (a) Activity of purified API against Phe-f,-NA and Phe-Phe. The activity of purified API against Phe-fl-NA and Phe-Ala was determined over a range of pH values. Trismaleate buffer (0.2 M) was used to prepare pH values from 5.8 to 8.4. For API activity against Phe-fl-NA, a 20-MI aliquot of enzyme was assayed for 60 min at 35°C. For Phe-Phe, a 20-ul aliquot of API was assayed against a 6 mm concentration of substrate for 180 min. A standard curve was prepared using phenylalanine.
(b) Activity of crude extract against Phe-fl-NA. As a comparison to the pH optimum for purified API activity with Phe-fi-NA, the pH optimum for activity with Phe-fl-NA in crude extract was examined using the same buffers. The range of pH values was extended, however, from pH 5.0 to pH 8.5. The aminopeptidase activity against Phe-f,-NA in crude extracts from wheat seedlings has been shown to be primarily due to the action of API (15 (Fig.  lb) ; however, some activity against Ala-fl-NA was still retained when the fractions containing APl were combined. This activity was probably due to both contamination by AP2 and also to a small amount of API activity against Ala-f-NA. If the level of activity against Ala-fl-NA was more than 10% of that against Phe-fl-NA, the sample was rechromatographed a second time over Ultrogel AcA 44 following the DEAE-cellulose chromatography step.
Gel Filtration Chromatography Using Sepharose 6B. Despite only a small increase in the specific activity of API (Table I) , a considerable amount of contaminating protein was removed by gel filtration chromatography of AP1 over Sepharose 6B (Fig. 2) .
Ion Exchange Chromatography Using DEAE-Cellulose. API was eluted from DEAE-cellulose with a convex gradient of Trismaleate buffer (Fig. 3 Figure 2 were loaded by pumping at a rate of 1.0 ml/min onto DEAEcellulose and then, following washing, eluted with a convex gradient of Tris-maleate buffer. Flow rate was 0.45 ml/min, and 3.4-mI fractions were collected. Aminopeptidase activity was measured against Phe-fi-NA (-) and Ala-,B-NA (0) by assaying 50-ul aliquots for 60 min. Activities are expressed as A at 280 nm (-). The Tris-maleate gradient was determined by measuring the refractive index of fractions (M).
Recovery and Purity of AP1 Preparation. A summary of the purification procedure for the API form of aminopeptidase is presented in Table I . Although recovery of AP1 activity was poor (3%), due to its instability, over 99% of the extracted protein was removed during the purification. PAGE of the final API preparation and staining with Coomassie Blue showed that at least three other proteins were present, but staining with the aminopeptidase substrates Ala-,B-NA and Phe-fl-NA (15) (Fig. 4) .
Substrate Specificity. (a) Synthetic substrates. The in vitro substrate specificity of AP1 (Table IV) confirms the results found following PAGE of crude extract (15) . In crude extract, APl showed a preference for substrates containing aromatic sidechains (15) . The fl-naphthylamides of Phe, Trp, and Tyr were clearly the most preferred substrates, Leu-,B-NA being the only other substrate to give substantial levels of APl activity. There was little or no AP I activity against the acidic fl-naphthylamides of Glu and Asp nor was there any activity against the fi-naphthylamides of Pro and Hyp.
(b) Peptide substrates. The reaction rates against all substrates were found to be linear up to 180 min (data not shown). The rates of hydrolysis of the peptide substrates by API were calculated from the amounts of amino-nitrogen (detected by TNBS reagent) released between 60 and 180 min (Table V) . Consistent with the data obtained using synthetic substrates (Table IV) , APl showed maximum activity against dipeptides containing an aromatic amino acid in the N-terminal position (position 1). The nature of the amino acid in position 2 also influenced the degree of hydrolysis. An aromatic amino acid in position 2 decreased the rate of hydrolysis when phenylalanine was in position 1. In contrast, with a less preferred substrate such as alanine in position 1, an aromatic amino acid in position 2 increased the rate of hydrolysis.
Although the activity of APl against Ala-,B-NA represented only about 7% of its activity against Phe-f,-NA (Table IV) , when using dipeptide substrates, the relative affinities for Ala and Phe in position 1 depended greatly on the nature of the amino acid in position 2. For instance, the activity against Ala-Ala represented 10% of the activity against Phe-Ala, while the activity against Ala-Tyr was 67% of the activity against Phe-Tyr. The activity of AP1 against Leu-Leu was seen to be greater than that against Ala-Leu which is consistent with the finding that activity against Leu-,3-NA was greater than that against Ala-#-NA. The activity against Leu-Gly was less than that against Leu-Gly-Gly, indicating that the closer the proximity of the C-terminal to the N-terminal the lower the rate of hydrolysis. This observation has also been reported for API activity in peas (6) . While API was considerably active against L-Leu-L-Leu, no activity was detected when the 1-isomer of Leu was in position 1 (D-Leu-L-Leu), and only low levels of activity were seen when the D-isomer was in position 2 (L-Leu-D-Leu). API was unable to hydrolyze dipeptides containing a proline or glutamate residue in position 1. Interestingly, dipeptides with a proline residue in position 2, e'.g. Phe-Pro, were also not hydrolyzed. L-Leu-L-Leu (a) Activity of purified API against Phe-,B-NA and Phe-Phe. Purified API showed an assay-pH optimum of about pH 7.6 against both Phe-,B-NA and Phe-Phe (Fig. Sa) . These findings are in contrast to those found in barley (8) , where the assay-pH optimum for API activity against the peptide substrate Phe-Ala (pH 6.2) was lower than the optimum for activity against Phe-,B-NA (pH 7.2).
(b) Activity of crude extract, purified chloroplasts, and cytoplasm against Phe-,B-NA. The activity of crude extract, cytoplasm, and chloroplasts purified by velocity sedimentation centrifugation, from the primary leaves of 8-d-old wheat seedlings also showed assay-pH optima around pH 7.6 (Fig. Sb) . The pHcurve using crude extract was broader than that found using purified APl (Fig. 5a) in the primary leaves of wheat (15) . The mobility of the partially purified enzyme was identical with that of the corresponding enzyme in crude extracts ofwheat leaves, although the possibility that more than one 'APl form' of aminopeptidase is present cannot be excluded. Nevertheless, characterization ofthe isolated APl preparation demonstrated that it closely resembles the aminopeptidases purified from other plant species, particularly those from pea seeds (6), germinating barley grains (8) , and maize kernels (14) . In each of these species, multiple molecular forms of aminopeptidase, showing different substrate specifities, have been identified. Although the number of multiple molecular forms varies between species, each species contains one enzyme which shares a number of common properties with an enzyme from each ofthe other two species. The mol wt of the aminopeptidases in pea, barley, and maize are 58,000, 65,000, and 61,000, respectively; they prefer substrates with a hydrophobic amino acid, particularly Phe, Tyr, Met, and Leu in the N-terminal position; they are highly sensitive to p-CMB, insensitive to EDTA and 1,10-phenanthroline, and have pH optima near 7.0. The corresponding enzyme from wheat also possesses most of these properties, although it shows maximum activity at pH 7.6 and it does not show a high specificity for methionine residues. 
WATERS AND DALLING
Like the aminopeptidases purified from pea and barley, the AP1 preparation isolated from wheat showed a similar specificity for the N-terminal amino acid of dipeptides as it did for the aminoacyl group of f-naphthylamide substrates. The nature of the amino acid in position 2 was also seen to influence the rate of hydrolysis, as it does in pea (6) . The inability of APl to hydrolyze N-terminal phenylalanine when proline was in the second position represents a similar situation to that observed for carboxypeptidase activity in barley (10) . Carboxypeptidase activity is blocked when a proline residue occupies position 2. For hydrolysis to proceed, a carboxypeptidase with specificity for proline residues in position 2 is required. By analogy, one might suspect that an aminopeptidase with a similar specificity exists in plants. Aminopeptidases with specificity for proline residues in position 2 have been identified in mammals (5) and bacteria (18) .
Kinetic studies with the aminopeptidase purified from barley (8) showed that the Km value for Phe-(3-NA (0.031 mM) was lower than that for Phe-Ala (0.080 mM). A similar situation was observed with APl from wheat leaves, although the corresponding Km values were somewhat higher in wheat, viz. 0.20 and 0.50 mM. APl differed from the aminopeptidase purified from barley in that it showed maximum activity against both Phe-(8-NA and Phe-Phe at about pH 7.6, whereas in barley the optimum assaypH for dipeptide substrates (pH 5.8-6.5) was lower than that for the hydrolysis of aminoacyl-,B-naphthylamide substrates (pH 7.2).
As with wheat leaf iminopeptidase (17) , the ability of wheatleaf API to hydrolyze peptide substrates at much higher rates than aminoacyl-B-naphthylamide substrates is in contrast to other plant aminopeptidases which hydrolyze peptides with similar or lower rates than the corresponding aminoacyl-,B-naphthylamides (8, 11, 12) . Further investigations are required to confirm whether wheat-leaf aminopeptidases have a higher peptide hydrolyzing capacity than other plant species.
